Control of spin coherence in ra-type GaAs quantum wells using strain 
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We show that the bulk-inversion-asymmetry- type strain-induced spin-orbit couphng can be used to 
effectively modify the Dresselhaus spin splitting in (001) GaAs quantum wells with small well width 
and the resulting spin dephasing time can be increased by two orders of magnitude to nanoseconds 
under right conditions. The efficiency of this strain manipulation of the spin dephasing time under 
different conditions such as temperature, electric field and electron density is investigated in detail. 
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PACS numbers: 72.25.Rb, 71.70.Fk, 72.20.Ht,71.10.- 
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Manipulation of the spin coherence/dephasing in Zinc- 
blend semiconductors, where the symmetry of the spin 
degrees of freedom is broken due to the lack of inversion 
center of the crystal, is one of the fundamental subjects 
in semiconductor spintronics^'^'^ which aims to incorpo- 
rate the spin degrees of freedom into the traditional elec- 
tronic devices. It has been shown both experimentally 
and theoretically that many effects, such as magnetic 
field and electric field, can strongly affect the spin pre- 
cession and spin dephasing. ^'^'^'^'^'^ Very recently strain 
has also been shown to be effective in spin manipulation. 
Kato et al. reported experimentally that strained bulk 
semiconductors exhibit spin splitting in the presence of 
applied electric fields. They further used this strain- 
induced spin splitting to generate spin polarization in 
the presence of an electric current. In this report we 
demonstrate that strain can also be used to effectively 
control the spin coherence and greatly enhance the spin 
dephasing time (SDT). 

The leading spin dephasing mechanism in n-type GaAs 
quantum well (QW) in the absence of applied elec- 
tric field along the growth direction is the D'yakonov- 
Perel' mechanism-'^^ due to the Dresselhaus^'^ spin split- 
ting h(k) • (t/2M'^^ In (001) QW with the growth direc- 
tion along the z-axis, h(k) contains terms both linear and 
cubic in k. When only the lowest subband is populated, 
it reads h^{k) = -jk^kD-k^), hy{k) = iky{{kl)-kl) 
and hzik) — with 7 denoting the spin-orbit coupling 
strength^^ and (fc^) representing the average of the op- 
erator — {d/dzY over the electronic state of the low- 
est subband. Under the infinite-well-depth assumption, 
{k1) = with a standing for the well width. It has 
been shown very recently^ from a full many-body kinetic 
study of the spin dephasing that for narrow well width 
with TT^/a^ > {k1) and ir"^ /a? 3> {ky), the linear term 
in h(k) is dominant and the SDT increases with temper- 
ature. Here (• • • ) stands for the average subject to the 
Fermi distribution. However, when the well width is big 
enough and/or the temperature is high enough that the 
cubic term is dominant, the SDT decreases with temper- 
ature as commonly expected.^ 

Strain introduces additional spin splittings and the 
leading one is the one of bulk-inversion-asymmetry 
type:^^ /ij(k) = -Dk^{eyy - e^^), /i^(k) = -Dky{€^^ - 



exx), ^l(k) = —Dkz{exx — ^yy)i and is linear in k. D is 
the material constant. Therefore the linear term of the 
Dresselhaus spin splitting h(k) can be adjusted by the 
strain and the total spin splitting term can be written as 
h*(k) • cr/2 with 



hl{k) = [{-a + p)+-ikl]kx , 
hi{k) = -[i-a + f3)+jkl]k 
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and /i*(k) = by taking the strain Exx 
- e.. > 0.10'" a = -i(TT/af and /3 
e = ezz — f-xx- Equations (1) and (2) clearly indicate 
that under certain well width and strain, a — (3 and 
the spin splitting can be totally determined by the cu- 
bic term. In addition, by modulating the magnitude of 
the strain, the relative magnitudes of the linear and cu- 
bic terms are varied. Different dependences of the SDT 
on the external conditions such as temperature, electric 
field and electron density are therefore expected under 
different strains. Finally one may dramatically suppress 
the spin dephasing by adjusting the strain to satisfy the 
condition a — (3 = 7(fc|) with — x, y. 

We construct the many-body kinetic spin Bloch 
equations^^ by the non-equilibrium Green function 
method^^ as follows:* 

Pk^crcr' — eE ■ VkPk,crcr' = Pk,(T(T' | coh + Pk.crcr' |scatt (3) 

with /Ok, (TO-' representing the single-particle density ma- 
trix elements. The diagonal elements /Ok.o-o- = /k,cr de- 
scribe the electron distribution functions of wavevector 
k and spin a (= ±1/2). The off-diagonal elements 
Pj, i_i = p1 _ii = Pk describe the inter-spin-band cor- 
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relations for the spin coherence. The second term in the 
kinetic equations describes the momentum and energy 
input from a uniform external electric field E along the 
X-axis, p-k.acr' I coh On the right hand side of the equations 
describes the coherent spin precession around the applied 
magnetic field B (along the x-axis, i.e., in the Voigt con- 
figuration), the effective magnetic field h*(k) as well as 
the effective magnetic field from the electron-electron in- 
teraction in the Hartree-Fock approximation: 
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dt 
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(4) 



dpi, 

dt 



= -[igf^BB + ihlik) + /I* (k)](4i - /k_i ) 

+*ll^q[(/k+qi - /k+q-i)Pk - Pk+q(/ki " /k-i)] 



(5) 



/Ok,CT(T' Iscatt denotes the electron-electron, electron- 
phonon and electron-impurity scattering. The expres- 
sions of these terms can be found in Ref. 8. One notices 
that all the unknowns appear in the scattering terms. 
Therefore the kinetic Bloch equations (3) have to be 
solved self-consistently to obtain the temporal evolution 
of the electron distribution functions /k,<7(i) and the spin 
coherence Pk(i)- The details of the calculation are laid 
out in Ref. 8. The SDT is obtained by the slope of 
the envelop of the incoherently summed spin coherence 
P = T,k\pk{t)\-^^''^^'^° It is understood that both true 
dissipation and the interference of many k states may 
contribute to the dcc;ay. The incoherent summation is 
therefore used to isolate the irreversible decay from the 
decay caused by interference. 

We include the electron-longitudinal optical phonon 
and the electron-electron Coulomb scattering in the cal- 
culation. The impurity density is taken to be zero 
throughout the paper. The main results of our calcu- 
lation are summarized in Figs. 1 to 4. In the calculation 
the material parameters are listed in Ref. 8. The width 
of the QW is fixed to be 10 nm. The material constant 
D is chosen to be D = 1.59 x 10^ m/s following the 
experiment. 
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FIG. 1: SDT vs. the background temperature T under differ- 
ent strains. The electron density is 4 x 10^^ cm~^. 

First we investigate the temperature dependence of the 



spin dephasing under different strains. The SDT versus 
the background temperature without an applied electric 
field is plotted in Fig. 1. It shows that the temperature 
dependence of the SDT under different strains is quite 
different. For small strain, say the strain is smaller than 
0.4eo (eo = a/D denotes the strain at which the linear 
term in h* is exactly eliminated), the linear term in h*(k) 
is dominant and the SDT increases monotonously with 
the temperature. For strain around eq, the contribution 
from the cubic term becomes important (or is the only k- 
dependent term at e = eo), the SDT either first increases 
then decreases with T when there is still linear term con- 
tribution or dccreasc;s with T monotonically when there 
is no linear term left (e = eo). 

These behaviors can be understood as follows:^ When 
the temperature increases, the electron-electron and 
electron-phonon scattering is enhanced. Consequently 
electrons are driven to a more homogeneous state in k- 
space. This tends to increase the SDT. In the mean- 
time, the increase of temperature also drives electrons to 
a higher fc-state and thus induces a larger /i*(k). This 
tends to reduce the SDT. Both linear and cubic terms of 
/i*(k) increase with k, but with a different increase rate. 
When the linear term is dominant (i.e., la — /3| > 7(A;|)), 
although its effect increases with temperature, the in- 
crease rate is slower than that of the scattering and the 
SDT increases with temperature. However, when the 
cubic term is dominant, the effect of the cubic term in- 
creases much faster with temperature than the scattering 
and the SDT decreases with the temperature. This effect 
is consistent with what obtained from strain-free QW's.^ 

Prom Fig. 1 one also notices that when the strain is 
applied, the SDT can be greatly enhanced. At low tem- 
perature it can be as long as nanosecond which is two 
orders of magnitude larger than the strain-free case. In 
order to show the strain dependence of the SDT, we plot 
in Fig. 2 the SDT as a function of strain for different 
temperatures. It is seen from the figure that the SDT 
first increases with strain until it reaches a maximum 
and then decreases with it. It is again noted that at 
low temperature (120 K) the varying range of the SDT 
versus e sweeps over two orders of magnitude with the 
maximum SDT being 2.5 ns. It is known that for QW 
with small width, the SDT is in the order of tens of pi- 
coseconds. The present results indicate the possibility of 
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FIG. 2: SDT vs. strain at two temperatures. The electron 
density is 4 x 10^^ cm~^. 



using strain to obtain a very long SDT in GaAs QW's. 

The physics of the r-e dependence can be understood 
as following: For QW with a = 10 nm, a: = 1.72 x 10^ 
m/s. When T = 120 K and electron density is 4x10^^ 
cm-2, 7(fc2) = 7(fc2) = 2.21 x 10^ m/s. Therefore for 
strain-free case (/? = 0) the linear term in Eqs. (1) and 
(2) is one order of magnitude larger than the cubic term. 
Introducing a positive strain reduces the linear term, at 
certain strain 7(A;^) — (a — /3) =0 and /i*(k) is greatly 
suppressed. Therefore one obtains a very large SDT. e 
predicted from above equation at 120 K (300 K) is 0.87eo 
(0.74eo as j{kl) = 4.53 x 10^ m/s at 300 K), which is in 
good agreement with 0.9eo (0.75eo) in Fig. 2. 

Next we turn to the problem of the applied-electric- 
field dependence of the SDT under different strains. In 
Fig. 3(a), the SDT is plotted against the applied electric 
field E. It is noted that when the electron field is larger 
than 500 V/cm, hot-electron effect^^ starts to play an 
important role.^ It is seen from the figure that the r- 
E dependence is similar to the t-T dependence. Fig- 
ure 3(b) shows the strain dependence of the SDT under 
different electric fields. Again, one observes a peak un- 
der certain strain. These behaviors are understood as 
the electric field also affects the spin dephasing in two 
competing ways: On one hand, it drives the electrons to 
higher momentum states; On the other hand, it raises the 
hot-electron temperature and therefore the scattering is 
strengthened. 

Finally, as (fc|) depends not only on temperature, but 
also on electron density, we show the strain dependence 
of the SDT at different electron densities. The external 
electric field is assumed to be zero. The result is sum- 
marized in Fig. 4. One finds that the r-e dependence 
also shows a peak for each electron density. Moreover, 
the peak moves towards small strain when the electron 
density increases. This is in consistent with the fact that 
increases with the electron density. 

In conclusion, we have studied the effect of strain on 
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FIG. 3: Electron field dependence of the SDT. SDT vs. the 
applied electric field E under different strains (a) and the 
strain e at different electric fields (b). The electron density is 
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FIG. 4: SDT vs. the strains at different electron densities. 
T = 120 K. 
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the spin dephasing in (001) GaAs QW's with a small well 
width under different conditions such as temperature, 
electric field and electron density. We show that one can 
effectively adjust the Dresselhaus spin splitting via strain 
in two dimension case. Especially at certain conditions 
the Dresselhaus spin splitting can be mostly canceled by 
the strain and one may get an extremely long SDT (up 
to nanoseconds in comparison to tens of picoseconds in 



ordinary strain- free sample) in narrow GaAs QW's. This 
provides a unique way to control the spin coherence and 
get two-dimensional devices with extremely long SDT. 
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